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ABSTRACT

Correlated electric field and low-energy electron measurements
are presented for two passes of Hawkeye 1 through the south polar cusp
at 2000 km altitude during local morning. In one case the electric
field reversal coincides with the boundary of detectable 5.2-keV
electron intensities and the equatorward boundary of the cusp. In the
other case the electric field reversal and the 5.2-keV electron trapping
boundary coincide but the equatorward edge of the cusp as determined

from the presence of 180-eV electron intensities is Sjjinvariant

4.

latitude equatorward of the electric field reversal.v ﬁé conclude that
in the second case electron intensities associated with the polar cusp
populate closed dayside field lines and hence the corresponding equator-
ward edge of these electron intensities is not always an indicator of
the boundary between closed dayside field lines and polar cap field

lines.
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I. INTRODUCTION

The entry of magnetosheath plasma on dayside field lines Jjust
poleward of the trapping boundary and its penetration down to the
ionosphere have been established at high altitudes by Frank [1971]
and Russell et al. [1971] and at low altitudes by Frank and Ackerson
[1971], Heikkila and Winningham [1971], and Maynard and Johnstone [1974].
Since the cusp marks the transition from dayside field lines to polar
cap field lines, the polar cusp and its ionospherie projection, the
mid-day aurora [Heikkila et al., 1972], have been used to infer
changes in the earth's magnetic field configuration [Akasofu, 1972a;
Akasofu, 1972b; Yasuhara, 1973; Kivelson, 1973]. Similarly the flow
of low altitude thermal plasma at high latitudes is the projection of
the earth's magnetic field line motion at high altitudes and is also
responsive to the configuration of the magnetosphere. Low altitude
measurements of electric fields by satellite-borne double probes
[Cauffman and Gurnett, 1971; Heppner, 1972a] and by barium clouds
[Wescott et al., 1969] have established that the high latitude plasma
convection generally consists of anti-sunward flow over the polar cap,
an abrupt reversal in the east-west direction of flow at the equatorward
boundary of the polar cap, and a sunward flow equatorward of the re-
versal. The flow speed generally peaks near the reversel. Simultaneous

plasma and electric field measurements on the dayside of the polar cap,
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near the polar cusp, were first presented by Gurnett and Frank [1973]
using data from the Injun 5 satellite. They found that the convection
reversal occurred near the low latitude boundary of the cusp plasma,
although there was considerable uncertainty in the exact relationship
since the spatial resolution of the measurements was comparable to

the width of the polar cusp. Heelis et al. [1976] using ion drift
detectors have obtained vector measurements of the convection velocity
over the polar cap. Their measurements confirm the existence of abrupt
velocity reversal on the flanks of the polar cap. However, they alro
showed that near noon the flow in the polar cusp is anti-sunward and,
instead of reversing, the velocity field rotates so that the component
of flow normal to the low latitude boundary of the polar cap is finite
across the boundary. Substantial dawn-dusk components to the plasma
flow were also observed near the polar cusp.

This report presents simultaneous electric field and plasma
measurements from the Hawkeye 1 satellite at low altitudes over the
southern polar cap. The primary objective of this study is to
further investigate the relationship of the plasma flow to the spatial
structure of the polar cusp plasma distribution using the improved
spatial resolution of the Hawkeye 1 measurements compared to the

earlier Injun-5 results.
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IT. INSTRUMENTATION

Hawkeye 1 was launched on June 3, 1974, into an elliptical orbit
with an apogee of 21 R, over the northern polar cap and a perigee of
1800 km over the southern polar cap. The instrumentation or board consists
of a complement of magnetic field, electric field, and particle detectors
designed to study the properties of the polar cusp.

The electric field antenna is a copper-beryllium cylinder with
a tip-to-tip length of L2.45 meters and a diameter of 0.67 cm. The
inner 30.4 meters of antenna are insulated leaving two exposed probes
of length 6.1 meters at each end. Static electric fields parallel to
the antenna are obtained by measuring the difference in the floating
potential of each probe using a voltmeter with an input impedance of
1010 ohms. To determine the electric field in a fixed frame of reference
the 3 X ﬁ potential resulting from the spacecraft's motion through the
earth's magnetic field must be subtracted from the electric field meas-
ured in the spacecraft frame of reference. Corrections for slow
changes in the effective antenna length are also included.

Since Hawkeye 1 is spinning with the electric antenna axis oriented
perpendicular to the spin axis the measured antenna potential differ-
ence is a sinusoid in time. The spin period is 11.009 seconds. Approxi-

mately twelve samples of the potential difference between the two

probes are telemetered each spin. A sinusoidal, least mean square, fit is
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made to the 12 samples to obtain the phase and amplitude of the signal.
Because of a failure of the attitude determination system about 3
months after launch the absolute oriemtation is determined by comparing
the on-board magnetic field with a theoretical model of the earth's
magnetic field. Figure 1 indicates the reference system used to
analyze the signal and to infer the electric field in three dimensions.
The z axis is the spacecraft spin axis. The x axis is the projection
of the earth's magnetic field onto the spin plane as measured by the
on-board magnetometer. The electric field measured is the projection
of the electric field vector onto the spin plane of the antenna. The
phase of the sinusoid is referenced to the x axis so that the Ex and
Ey components are calculated from the sinusoidal fit once each spin.
The component Ez is calculated assuming that there are no electric
fields parallel to the local magnetic field. Fram the relation
E - B = 0 with By = 0 it is seen that E, is given by -ExBx/Bz.
Knowing the spin axis direction the total electric vector is trans-
formed into an earth fixed frame of reference by assuming that the
measured magnetic field is in the same direction as the reference field
[Cain and langel, 1968]. When the magnetic field is nearly parallel
to the spin axis, the coordinate system orientation is susceptible
to small errors in the measured magnetic field. For this reason
situations where the magnetic field is within 15° of the spin axis
have been eliminated from consideration.

The particle detectors on Hawkeye 1 consist of a LEPEDEA (Low-

Energy-Proton-Electron-Dif ferential-Energy-Analyzer) curved plate




electrostatic analyzer that measures the directional, differential

intensities of electrons and protons from 50 eV to 50 keV in directions
perpendicular to the spacecraft spin axis, and & thin-windowed Geiger-
Mueller tube that responds primerily to electrons with energy greater
than 45 keV. In the RAMP mode a complete electron and proton spectrum
is made every 11.5 seconds over the energy range 100 eV to 30 keV. The
Hawkeye spin axis is nearly parallel to the ecliptic plane and conse-
quently the LEPEDEA samples a pitch angle range of up to 120° over the
southern auroral zone.

Over the south polar cap the telemetry signal from Hawkeye 1
is received at Orroral, Australia. This limits the coverage to a
maximum invariant latitude of -83°. The high latitude termination of

the data presented herein are the result of Hawkeye passing below the

horizon for telemetry reception at Orroral.
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III. OBSERVATIONS

The convection velocities measured along the Hawkeye 1 orbit
on day 69, March 10, 1975, are shown in Figure 2 projected as viewed
looking along the magnetic field vector. The velocity veector, calcu-
lated from B x ﬁ/B2 in an inertial frame of reference is plotted once per
spin. The lines representing the velocity vector are plotted outward
from the satellite position in magnetic local time and invariant
latitude. Uncertainties and variations in the effective length of the
antenna limit the instrument accuracy to about 0.5 km/sec. For this
pass telemetry coverage begins at 2050 UT and the spacecraft travels
from about 79° INV and 11 hr MLT to 60° INV and 9 hr MLT. Two zones
of intense convection are present during this period. From 79° INV
to 71° INV the velocity vectors have a primarily anti-sunward direct-
ion with peak magnitudes in excess of 4 km/sec. From 71° INV to 68°
INV a narrow zone of westward flow occurs with magnitudes similar to
the polar cap flow. Equatorward of 68° INV a region of weaker flow
is evident with an average anti-sunward direction. On this pass the
velocity field rotates nearly 90° in one spin (11 seconds) at 71° INV
between the two zones of intense flow.

Differential electron intensities for this pass are plotted in
the lower two panels of Figure 3 for 180 eV and 5.2 keV. The electron

flux for energies greater than 45 keV is plotted in the top panel.




The 180-eV electron fluxes indicate a narrow intense event at 2053:25 UT

and a broader peak at 2055:00 UT. The 5.2 keV record shows no fluxes
above threshold before 2054:50 UT. A small peak occurs at 2055:00 UT
coincident with a distinct intensity maximum at 180 eV, and at 2056:00 UT

the flux rises above threshold for the remainder of the pass. The flux

of electrons with energies greater than 45 keV is always above threshold

except for the first 20 seconds of this pass. A gradual increase in

the E, > L5 keV electron intensities occurs between 2053:30 UT and

2056:00 UT. At 2056:00 UT the E, > 45 keV intensities suddenly increase

to 6 x 10° electrons (cma-sec—ster)'l followed by a slow increase ;ntil

2100:00 UT. The location of the electric field reversal is indicated

by a vertical line at 2255:35. Since the reversal occurs in one spin,

the temporal resolution for the electric field reversal determination

is + 6 second. The reversal separates the 180-eV fluxes over the polar

cap from the equatorward 5.2-keV fluxes associated with the outer zone.
To identify the origin of the intense 180-eV fluxes two particle

spectra are shown in Figure 4 from measurements made at 2053:25 UT

and 205L:45 UT. Both spectra show a peak near 200 eV which is con-

sistent with a magnetosheath origin for these particles. Pitch angles

change rapidly while the energy spectrum is measured and the range of

pitch angles is indicated on each plot. Since the loss cone is 32°

only the very low energies at 2054:45 UT represent electrons which

could possibly be arriving from the ionosphere.

The convection velocity measurements for day 263, September 20,

1974, are shown in Figure 5. The plasma flow over the polar cap during




this pass is primarily east-west but two distinct zones of sunward and

anti-sunward convection are apparent. From 83° INV to 76° INV plasma
flows toward the east with a small component in the anti-sunward
direction. The flow reverses, within one spin of the spacecraft, at
76° latitude followed by westward flow with a component in the
sunward direction until 67° INV. Equatorward of this point the con-
vection velocity is less than 1 km/sec in the anti-sunward direction.
For this pass Figure 6 shows the differential electron intensi-
ties at 180 eV and 5.2 keV in the lower two panels and the integral
electron intensity above L45 keV in the upper panel. The fluxes of
electrons greater than L5 keV begin to decrease at 2242 UT and continue
to decrease until 2245 UT. A solar proton event during this period
maintains the count rate at an equivalent intensity of 4 x 103 electrons
(cme—sec-ster)_l. The differential electron intensities at 5.2 keV
gradually increase until 224k UT and then decline to velues correspond-
ing to threshold at 22LL4:3C UT for the remainder of the
pass. Between 2237 UT and 22L2 UT the electron intensities at 180 eV
slowly decrease to threshold intensities. At 2243 UT the 180-eV
fluxes suddenly increase and remain elevated to at least 2246 UT.

2—sec-ster-eV)_l which

The average flux is about 5 x 10° electrons (cm
is consistent with previous observations in the polar cusp. The
electric field reverses within one spin period and the time of the
reversal is shown as a vertical line. On this pass the electric field
reversal marks the trapping boundary for 5.2 keV electrons while the

180-eV electron intensities are located within 5° of latitude on either

gide of the reversal.




Two electron spectra are presented in Figure 7 for periods

during the intense 180-eV electron fluxes but on either side of the
reversal. ‘Above 1 keV the differential fluxes decrease as the space-
craft passes poleward of the electric field reversal. Below 1 keV
and equatorward of the reversal, peaks in the spectrum are observed
between 500 eV and 1 keV and between 100 eV and 200 eV. The spectral
peaks are also observed poleward of the reversal and in this case
their relative intensities are reversed. The electron differential
intensities below 1 keV for these cases are similar to those of

the magnetosheath, although those for 2243:30 UT are somewhat lower

than those usually found in the magnetosheath proper.
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IV. DISCUSSION

The term polar cusp in most cases refers to a particular plasma
distribution found at high latitudes which resembles the plasma
found in the magnetosheath. The proton spectrum peaks between 1 and
2 keV. Electrons peak at energies less than 1 keV, usually between
100 and 200 ¥, with typical fiukes of 10° o 10! electrons (cnc-sec-
ster-eV)~l. At low altitudes this plasma signature is usually
located within a strip between 70° and 85° invariant latitude and
extending from 0800 MLT to 1600 MLT. The latitudinal width of the
strip has been reported as small as 0.2° INV latitude and as large as
6° INV latitude. For the remainder of this discussion we will assume
that there exists a distribution of plasma over the ionosphere with
the above characteristics and that the low energy electron records
presented here measure the spatial extent of the cusp along the
Hawkeye 1 orbit near 2000 km altitude. We have restricted ourselves
to electron measurements since the threshold for the rapid scan proton
channel at 2 keV is 103 protons (cmg-s,ec-ster-ev)'l which is too
large to detect typical proton intensities in the cusp. These proton
intensities are surveyed with the slower digital accumulator section
of the instrument.

For the two satellite passes presented here the electric field

changes within one rotation period of the spacecraft or within 0.5° of




INV latitude. This sharp boundary has been reported by both Cauffman
and Gurnett [1971), and Heppner [1972b]. Heelis et al. [1976] have
further resolved the polar velocity field using ion drift detectors
which indicate that there is a narrow region near noon in which the
plasma flows across the polar cusp boundary. The velocity

rotation on day 69 apparently is of this type.

The 5.2-keV electron population is observed on dayside field
lines equatorward of the electric field reversal and the cusp. This
population probably originates near the inner edge of the plasma
sheet, then gradient drifts toward morning and convects sunward. These
electrons are located inside the magnetosphere and their poleward boundary
is within 1° (slightly equatorward) of the electric field reversal for
both cases presented here. The close agreement of these two boundaries
implies that the 5.2-keV electron intensities fall below the detector
threshold because they are no longer durably trapped. Hence the 5.2-keV
electron threshold boundary supports the premise that the poleward
boundary of closed dayside field lines does not lie equatorward of
the electric field reversal.

The Ee > U5 keV electron flux begins to decrease in both cases
at a latitude equatorward of the cusp and electric field reversal.

A solar proton event on day 263 prevents the geiger tube from

reaching threshold and maintains an equivalent background intensity of
L x 103 electrons (cm‘g-sec--s‘c.er)'l over the polar cap. On day ©9 the
E, > 45 keV flux is at the threshold of 50 electrons (cmz-sec-s'l:er)'1

only briefly at the beginning of the record in a region 10° poleward of




the electric field reversal. Frank [1965], using a similar instrument

at high altitudes in the morning sector, observes no clear cutoff of
; ! Ee > L5 keV electron intensities at altitudes beyond 15 Re within 30°
] : of the equatorial plane. Winningham [1974] has found E, > 45 keV
electron fluxes inside the cusp at low altitudes and McDiarmid et al.
[1976] report seeing the polar cusp entirely equatorward of their in-
strumental threshold boundary for LO keV electrons. At most, the
Ee > L45 keV intensity profile restricts the trapping boundary to be
located somewhere in the region of the intensity gradient. This is
consistent with the electric field and 5.2-keV electron observations.

On day 69 the cusp is located just poleward of the electric

field reversal. This agrees with any model where magnetosheath plasma
flows down to the ionosphere on field lines threading the magnetosheath
or boundary layer. The observed width of the cusp is about 1° of
invariant latitude which agrees with the estimate Frank [1971] makes

at higher altitudes and is smaller than the measurements from ISIS-1

at lower altitudes.

£
i
H

) The 180-eV electron intensities for day 263 have equatorward

and poleward boundaries of 71° INV and 81° INV. A 10°-wide cusp is
larger than any previously reported. The poleward boundary of the cusp
in this case is not well defined from the electron intensity profiles
and the true width of the cusp may be somewhat smaller. The poleward
fluxes may be partly ionospheric projections of the boundary layer
(Ogilvie et al., 1971]. Regardless of the correct poleward boundary

location, the width of this example is several times larger than the
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previous example and in closer agreement with the results reported
from ISIS-1 if we use these low-energy electron intensities as sole
identificapion for the polar cusp. Then the equatorward boundary of
the cusp lies 5° equatorward of the electric field reversal on field
lines populated by 5.2-keV electrons. Clearly these field lines

are closed dayside field lines.

Equatorward of the electric field reversal the 180-eV electron
intensities are more uniform than those poleward of the reversal.

The single intense peak at 2245:15 has a maximum width of 60 km in the
lower ionosphere. Similarly narrow events have been observed at
: sounding rocket altitudes by Maynard and Johnstone [1974].

D'Angelo [1973] shows that earthward streaming protons in the
cusp are susceptible to the Kelvin-Helmholtz instability. The result-
ing turbulence enhances cross-field diffusion and is capable of trans-
porting protons across 2° of latitude at the Bohm diffusion rate.
Electrons may diffuse somewhat faster if they are not inhibited by

ambipolar forces. The distribution on day 263 is located 5° equatorward

of the electric field reversal and does not decay from a source as
would be expected for cross-field diffusion. This mechanism may
contribute to transporting cusp plasma onto closed field lines but it
does not appear to be the dominant process on day 263.

Paschmann et al. [1976] have investigated the polar cusp near
the magnetosheath using particle detectors and magnetometers. They
find that on closed dayside magnetic field lines, equatorward of the

estimated neutral line and adjacent to the magnetosheath, there exists
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a region of plasma with density and temperature equal to that of the
magnetosheath but with variable flow velocity and direction which they
call the entry layer. The first example they present has a narrow

inner boundary and is sufficiently wide to project into the area of

low energy electrons observed equatorward of the electric field reversal
on day 263. This single example is not conclusive but it is consistent
with the interpretation that the low energy electrons on closed field
lines during day 263 are the low altitude projection of the entry

layer.
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V. CONCLUSIONS

The two examples presented here are insufficient to make a
general statement on the relative locations of the trapping boundary,
the electric field reversal, and the low altitude cusp but they do
prescribe a minimum range of relative positions for these structures.

In both cases the electric field reversal occurs within 1° of
i invariant latitude poleward of the termination of measurable 5.2-keV

electron intensities, and these two structures occur poleward of the
initial L5-keV electron flux decrease. The electric field reversal
probably represents the boundary between closed dayside field lines and
field lines threading the magnetosheath, the boundery layer, or the

tail.

{ Electrons of magnetosheath origin populate field lines just

‘
a
1
i
)
‘.

poleward of the electric field reversal and in some cases populate
field lines equatorward of the electric field reversal. The width of
the cusp varies from 1° to at least 6° of latitude at 2000 km altitude.
The equatorward low-energy electron population on day 263 may be an
extension of the entry layer reported by Paschmann [1976] to low
altitudes.

The equatorward boundary of the low-energy electron distribution
does not always coincide with tﬁe low-latitude boundary of the polar

cap. We caution against interpreting the equatorward termination of

So——




£ Do s i Lo SR ROV N S S & G N G ANl I 2 - il ipe 5 2 e Y 4 st

& i i i

| 18
low-energy electron intensities as the boundary between closed_dayside
field lines and polar cap field lines.
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FIGURE CAPTIONS

The reference frame for calculating the vector electric
field in the plane perpendicular to the local magnetic
field. The projection of the local magnetic field onto

the spin plane is defined as the x-axis.

+
The E x B velocities plotted once each spacecraft spin
from the spacecraft position in invariant latitude and

magnetic local time for March 10, 1975.

Electron fluxes for E, > 45 keV in the top panel,

Ee = 5.2 keV in the middle panel and Ee = 180 eV in the

bottom panel for the pass shown in Figure 2. The vertical

line is the position of the electric field reversal. Note

the abrupt onset of the 5.2 keV electron intensities at
the electric field reversal and the low energy, ~ 180 eV,

electrons poleward of the electric field reversal.

Electron energy spectra for March 10, 1975. The
indicated pitch angle range corresponds to the

pitch angles at the beginning and end of each spectrum.
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Figure 5

Figure 6

Figure 7
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.’
The E x 3 velocities for a pass over the southern polar

cap on September 20, 197kh.

Electron intensities for the pass shown in Figure 5.
Again note the termination of the 5.2 keV electron inten-

sities essentially coincident with the location of the

electric field reversal.

Electron energy spectra for the pass in Figure 6

equatorward (2243:30 UT) and poleward (2245:20 UT) of

the electric field reversal.




26

7

SIXV NIdS ‘Z o=

T 2an31Jg

|
|
|
|
|
T
|
|
|
>
w

23

W31SAS 31VNIQHOO0D
14v4230vdS JIL3INOVIN
I 3AINMVH

$S2-SL9-V

3
£3

........ _____N3Nv1d Nids
-7 N3

7

v




¢ aandty

00ve

J3S/WM 2

[ —

09

i

0090~ 008!

{ 69 Avd
, G261 ‘Ol HOYYW
E | I- JAINMYH

1-28L-G49-8




28

D-G76-709

INVIDEG) 797 766 733 699 667 638
MLT (HR) 1| 102 97 94 92 90
|06:—l : [ g l & 1 i T T ’ ==
= - o
o g Ee > 45 kev HAWKEYE
$ i LEPEDEA 1
o = 1975 DAY 69 |
g ok £l
o - =
% = =
x = 4]
5 IOS;—- —=]
et — ELECTRIC e

w Y FIELD

- r‘ —
S B REVERSAL o
= - i
B
I04:— =
- Ee = 5.2 keV =
.—A 3'—— el
> 10" — —
© = =
% - . ==l
o _
o 2l —

et e | G R
S Wi 3
- = Ee:180ev
g —— —_
S IéE— —-4_—:
- S d
3 10 =
" mae SRS TNl 16 | TR BT

2050 2052 2054 2056 2058 2060 U.T.

Figure 3




f1 @an3tg
A2 ‘AOY3N3 A® ‘A9H3IN3
|
¢o_ no_ No_ vo_ no_ NO ke
1 2B S T R | 1 1 _-u...117 T | L L T = _<‘.-. T T T _
: | ]
— — 20!
i D._D.
- —d [
E m
E no_ ﬂ
£ 9]
-
P
5 o
7 &
- o _
Q ; v )
.Z.
B (7]
» o
[ Ol
089-092 Vd S w
i 1N SH:pS02 oGt 1-068 Vd -1
” 1N 62:¢G02 M.
- wo_ o
L 69 Ava Glel
i ! V303431 3AMMVYH
”- LA L L 1 L 1 \— L1l 1 1 L L — ful ol et 1 1 A —PF Lo d L 1

104-9.9-8 L




AN

30

¢ 2an3T4

O3S/NWM 2 i
I 1
09
oL
0090
—
s,%y

€92 Avd

¥.61 ‘02 Y38W3Ld3S
I-3AINMVH

L0€-6.9-8

002l

008l

il ,.,.n#hhf ~ .,




TR

N T

D-G75-436-2

INV(DEG) -565 -602 -648 ~-703 -765 -828
MLT (HR) 83 84 85 87 20 96
Tou T

~SEC~SR)

TR
HAWKEYE
LEPEDEA
1974 DAY 263

L

0 2 45 keV
ELECTRIC
y FIELD
REVERSAL

J(>E), ELECTRONS (CM2
o

T%; 2
&

e

|

om0 R
(9p]

5 = 180 eV

S P

m

g VAN

lllll | llll | IIIIJI | III\ | IHJ | | IIII | llll |

o
IHI[YIHIIIH]]IETIII‘ [ lll‘ l | III’ I IHI £ A

A R S R SR S

2est 2239  Zed) 2243 2245 2247 UT.

Figure 6




A9 ‘A943N3 A® ‘A943N3
I
+° ¢o! 20! 40l Ol 50!
LR s v T | B LA T ‘_ —<-- T T T | R T T _o_
2 e
% 3 sla
= 06t -0G6 Vd o A.umv_
% 1N 02:sv22 3
; 0G21-068 Vd 3
- 1n ogxvee
— !
] €92 AVA b.6|
C v303d37 3AMVH ]
| I L I Il — S . 1 \_ _ | - e L 1 — 2 d_J_ 4§ 1 1 =
0!

80L-9.9-8

-4S-935- 3P
|-(A-¥S~35-,W0) SNOw19313 ‘&




